A procedure of en face quantitative autoradiography of the endothelium (Hautchen preparations) was developed to examine regional variations in '25I-low density lipoprotein (1251-LDL) permeability in the arterial wall in vivo. Endothelial preparations from fixed arterial tissue and calibration standards consisting of known concentrations of 1251-albumin were dipped in nuclear emulsion, exposed for 1-3 months, developed, and stained with hematoxylin. Digital image analysis was used to analyze dark-field images of autoradiographs. Background grain densities on cold endothelial preparations were 30-100%o higher than on glass, but the variability in grain densities on the two different surfaces was similar.
T he permeability of the arterial wall to macromolecules is not uniform, and focal regions of elevated permeability may represent the initial stages of atherosclerosis. Uptake of fluorescently labeled or radiolabeled albumin,' fibrinogen,2 and low density lipoprotein (LDL)3 is higher in the aortic arch than in the thoracic or abdominal aorta. In the normal rabbit aorta, focal regions of enhanced horseradish peroxidase uptake4 range in size from 150 to 850 ,um, and many of these sites are highly permeable to 1251_ LDL.45 A significant fraction of LDL-and albuminpermeable regions in the rat are associated with mitotic, injured, or dead cells. [6] [7] [8] [9] Controversy exists, however, about the relation between endothelial permeability to LDL, the development of atherosclerotic lesions in the hypercholesterolemic rabbit, and the role of arterial fluid dynamics. [10] [11] [12] Uncertainty about the relation between endothelial permeability and lesion formation may be a result of the low resolution techniques used to assess permeability, such as en face autoradiography of aortas with x-ray film3 and gamma counting of small samples of tissue.4'10,1" Fluorescently labeled macromolecules,6-8,13"14 autoradiography of transmural sections of the arterial wall by nuclear emulsion autoradiography,5"15"16 and peroxidase staining of horseradish peroxidase417 provide fine spatial resolution and can, in principle, be used to quantify tissue concentrations and permeability. The quantitative measurement of tissue concentrations at the cellular level is necessary to test hypotheses about the role of endothelial permeability and the internal elastic lamina in atherogenesis as well as to map focal regions of elevated permeability.
In the current study, nuclear emulsion autoradiography of en face preparations of arterial endothelium and intima was applied to the measurement 40 ,000 rpm for 20 hours at 15°C. The LDL band was removed by puncture of the tube with a 22-gauge needle and withdrawal into a 3-ml syringe. The LDL was dialyzed at 4°C for 24 hours against three changes of 1 1 each of solution A and stored at 4°C in glass tubes covered with aluminum foil.
Purity was assessed by Ouchterlony's test and gel electrophoresis. Protein content was determined by the method of Lowry et of New Zealand White rabbits. The vein was flushed with 3-5 ml sterile isotonic saline. A blood sample was drawn 5 minutes after the injection for subsequent determination of trichloracetic acid-precipitable radioactivity. At 10 minutes after the injection, the rabbit was killed with an overdose of sodium pentobarbital. The thoracic cavity was quickly opened, and the heart and aortic arch were exposed. A catheter (16-gauge 31/4-in. Angiocath, Deseret Medical) was inserted through the left ventricle into the arch and held in place with thread tied around the base of the ascending aorta. A 60-ml bolus of 2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, at room temperature was steadily injected through the catheter for 15-20 seconds, the inferior vena cava was opened, and the blood was collected by aspiration.4 '5'6 Arteries were perfused with 800-1,000 ml fixative for 30-45 minutes at a constant pressure of 100 mm Hg. After pressure fixation, the entire aorta from the arch down to the iliac bifurcation was carefully removed and placed in fixative solution overnight.
Tissue Preparation
Connective tissue and adherent blood were removed from the adventitial surface under a dissecting microscope. The vessel was cut open along the dorsal aspect between the intercostals and placed in fresh fixative solution. The aorta was divided into [12] [13] [14] sections that were each blotted dry, weighed, and placed in fresh fixative. Whole-tissue samples were counted for 5 minutes in a gamma counter (Multi-Prias, Packard Instrument Co., Inc., Downers Grove, Ill.). Mean "15I-LDL arterial tissue concentration (CQ) was calculated by dividing the counts per minute per gram wet weight by the fixed tissue density of 1.09 g/cm3. 29 Hautchen preparations were prepared by a modification of the method of Hirsch et al. 30 The tissue was rinsed in running tap water for 1 hour. Flat sections were placed between glass slides, dehydrated in a graded series of ethanol-water mixtures (50%, 70%, 95%, and two changes of 100%), and stored in fresh 100% ethanol overnight. Each section was removed from ethanol, blotted until almost dry, and pressed luminal side down onto clear double-sided tape on a glass slide. Care was taken to remove any air bubbles that might be under the tissue. The adventitial side of the tissue was covered with 10% glycerol for 20 minutes. The slide was chilled on a block of ice for several minutes, and fine forceps were used to lift up a corner of the media and gently remove it from the adherent endothelial layer. Slides were air-dried in dust-free containers. After preparation of the Hautchen layers, the removed medial sections were counted a second time. The 
Mapping of Regions of Elevated Permeability
The polar coordinate method31 was used to map regions of elevated permeability. Intercostal artery orifices were imaged at a low power (x25 or x40), and regions of elevated permeability were outlined. A polar coordinate system, with the origin at the center of the orifice, was superimposed onto the orifice at 00 proximal, 1800 distal, 900 to the left, and 2700 to the right. The distances and angles of elevated permeability sites about the orifices were recorded.
Results

Effect of Surface Unevenness on Grain Densities
Examination of endothelial preparations by light microscopy revealed that the endothelium was intact and free of adherent red blood cells. In some regions, bands of smooth muscle cells could be discerned. Scanning electron micrographs revealed a relatively flat surface with infrequent patches of internal elastic lamina (Figure 1) .
Two approaches were used to estimate the thickness of the Hautchen layer. By using the calibrated fine focus dial of the microscope, the thickness of endothelial preparations was measured as the distance between the midplane of endothelial cell nuclei and the plane at which silver grains in the emulsion were in focus. Most grains were present in a narrow band that presumably represented the interface between the tissue and emulsion, although some silver grains were as far as 1.5 gm from this interface. The thickness of 106 fields free of overlying smooth muscle cells was 2.3±0.9 gim. These values underestimated the thickness of the Hautchen preparation at the location of the nucleus by half the nuclear thickness and overestimated the Hautchen thickness away from the nuclear region. Regions with overlying smooth muscle cells were appreciably thicker (5.1 +2.0 gim).
To corroborate these measurements, the thickness of the Hautchen preparation and internal elastic lamina were measured in plastic-embedded transmural sections of arteries. The intima and endothelium were 2.5±0.8 gm thick (n -104) at the nuclear region of the endothehium and 1.3±0.5 ,gm thick (n=157) at the cell periphery. The internal elastic lamina was 1.3±0. 5 Spatial variability in grain densities over nonradioactive endothelial preparations and 1-,um-thick sections of cold or radioactive (278 counts/1,000 gMm2) embedded gelatin was quantitated by measuring RGV for regions ranging in size from 25 to 1,000 ,um2 ( Table 1 ). The mean RGV was unchanged as the section area increased, but the sample standard deviation decreased with increasing sample area. Statistical differences between paired sets of standard deviations were determined using the variance ratio test.32 Except for 25-,_m2 regions over cold sections, the standard deviations measured for 1-,um sections placed on glass or endothelial preparations were not statistically different (Table 1) .
These results indicated that the unevenness of the Hautchen preparation should not alter the linearity between grain density and radioisotope concentration. 15, 16 To verify this inference, 1-,um-thick calibration standards of known amounts of`PI-albumin were placed on either glass or the Hautchen preparations, dipped in emulsion, exposed in the dark, and developed. Calibration curves from one experiment are shown in Figure 2 , and regression statistics for two experiments are listed in Table 2 
The sensitivity was determined by calculating the lowest detectable level of activity (RGVmin) above background from the intercept of the standard curves32:
RGVmin =ta, nb-2SRGv-b+b
where t is Student's t statistic for nb-2 degrees of freedom and a level of confidence a, nb is the number of points in the regression, b is the intercept of the regression curve and SRGV-b iS32
where nRGV is the number of replicate measurements of permeability, Sb is the standard deviation of the intercept, and SRGV is the standard deviation of the estimated value of RGV. The quantity SRGV was conservatively estimated from the standard deviation of 100-,_m2 areas of tissue listed in Table 1 . For the standard curve in Figure 1 (experiment 1 in Table 2 ), a level of significance of 0.05, and nb of 35, the low level detection limit was 1.4x 10`-cpm/1,000 ,Lm2 for two observations and 1.1 X 10-4 cpm/1,000 ,um2 for 20 observations. For experiment 2 in Table 2 , the corresponding values were 7.3x10-4 cpm/1,000 ,gm2 and 3.5x10-4 cpm/1,000 ,um2. Mt(LH,t)/Mt(Q,t). This ratio was calculated using Equations A3b and A4 in Appendix A. For very small diffusion coefficients (e.g., D= 1x 10-10 cm'/sec), an appreciable concentration drop occurs across the Hautchen layer, and a large percentage of the total amount of "'I-LDL that enters the tissue is present in the first 2. M(L,t) =a(ke,ef,LH,t)+b(ke,Ef,LH,t)ln(D) (10) where the coefficients a(ke,ef,LH,t) and b(ke,Ef,LH,t) were weakly dependent on k, and Ef. Equation by using the estimated value of R from whole-sample counting and assuming that the preparation thickness was actually 2.3 pum. The average error from the five experiments was 22.7%, which is comparable to the estimated error in each value of k, (Table 3) determined by a standard propagation of error analysis. 47 The permeability and diffusion coefficient measured in regions of uniformly low grain density in en face endothelial preparations compare favorably with published estimates for the rabbit and squirrel monkey aorta (Table 4) . These measurements were performed either with autoradiography of 1-p.m-thick transmural sections of the aorta16,34 or gamma counting of specific 
Characterization of Sites of Elevated Permeability and Association With Mitotic Cells
Focal and diffuse sites of elevated permeability accounted for approximately 1% of the total aortic surface area. Grain densities were generally highest in the arch with diffuse areas of increased grain density. In the thoracic aorta, larger diffuse streaks were observed on the dorsal surface, and focal regions of increased grain density on the order of two or three cells in diameter were present throughout the thoracic and abdominal aorta. The highest regions of grain density were located over a single cell or between two cells (Figures SA and 5B), some of which were mitotic ( Figures 5C and 5D ).
For three rabbits (experiments 1, 4, and 5 in Table 3 ), a total of 594 focal regions of increased grain density were examined in the thoracic and abdominal aorta. These regions ranged in size from 100 to 6,000 ,gm' ( Table 5 ). The average relative intimal concentration was 0.58+±0.17, which is significantly higher than estimates of Ef, suggesting that much of the "'I-LDL in high permeability regions is bound to the extracellular matrix. No correlation existed between the permeability and the size of the permeable regions.
Binding of "'I-LDL to the extracellular matrix complicated the estimate of the permeability because Cf(x=O,t) cannot be approximated by t(LH,t), and Equation 6 is no longer valid. A lower bound estimate of the permeability can be obtained by assuming that Cf(x=O,t)/Ef<<Cp, which implies that binding is irreversible and rapid. By using Equation 9, a lower-bound estimate of permeability is 4.9+2.5 x 10`cm/sec, which is 30 times higher than the value for the low permeability regions. This increased permeability is similar to that reported by Stemerman et a14 for 12'I-LDL in regions of increased horseradish peroxidase permeability.
Sites of enhanced permeability were associated with mitotic and dying cells in the rat aorta,6-9 but the dimensions and magnitude of the permeability at these sites have not been determined. In the rabbit aorta 
Association of Regions of Elevated '25I-LDL Permeability With Intercostal Artery Ostia
Development of atherosclerotic lesions in the thoracic aorta of cholesterol-fed rabbits occurs preferentially at the dorsal surface of the upper thoracic aorta and at lateral and distal portions of intercostal arteries.1112 The observed lesion locations may be influenced, in part, by the local fluid mechanics12 and alterations in endothelial permeability.10"'1 A two-dimensional map of the third left intercostal artery of one rabbit shows the variability in permeability and sizes of high grain density regions ( Figure 6 ). Sites of elevated permeability are located at the lateral and distal sides of the branch. Locations of high permeability sites around 15 intercostal arteries from one animal plotted in polar coordinates show a similar distribution (Figure 7) . The distribution of sites is highly nonuniform (p<0.01), with approximately one third of the sites between 1500 and 210°. The correspondence between sites of high permeability in this study and lesion location around intercostal arteries in hypercholesterolemic rabbits1"12 suggests that altered permeability is partly responsible for cholesterol accumulation in these animals.
Discussion
Hautchen preparations have been used to examine endothelial cell death and replication (e.g., see Reference 48). The results of this study demonstrate that Hautchen preparations of arterial endothelium can be used to map regional variations in endothelial permeability and to quantify the permeability and intimal Polar Angle, degrees FIGURE 7. Polar diagrams showing the distribution of elevated regions ofpermeability around fifteen intercostal arteries from the same rabbit as in Figure 6 . The polar angle 0°is proximal and 1800 is distal to the orifice; 90°and 270°are on the lateral sides of each orifice.
concentration. This method provides spatial resolution of endothelial permeability on the order of individual cells, allowing direct measurement of the relation between arterial hemodynamics, cell replication and death, and permeability to macromolecules. The principal uncontrolled sources of error arising in this study were nonuniform tissue and emulsion thickness. Autoradiography of endothelial preparations produced higher background grain densities than those present over glass or 1-,m sections but did not affect the variability of the grain density (Table 1) or the linearity between RGV and sample activity (Figure 1) . Estimates of the emulsion thickness over tissue (1.5 ,um) are comparable to estimates (2.0 ,um) obtained for glass slides dried vertically under identical conditions,49 suggesting that undulations produced by endothelial nuclei, adherent elastic lamina, or adherent smooth muscle cells are probably not sufficient to alter the local thickness of the emulsion. The higher background values over the tissue are most likely a chemographic effect of reducing agents in the tissue.50 Variations in preparation thickness can be assumed to be small enough to produce quantitative results.
To use the endothelial preparations for the quantitative determination of permeability, the relation between grain density and sample thickness was examined. Ada et a133 observed that for`PI-labeled protein films with the same total amount of radioactivity per unit area, the grain density was approximately the same for samples 0.5-5 ,um thick. For '251-methacrylate polymers of the same concentration and less than 4 gm thick, the grain density was linearly related to the section thickness.5' For thicker sections, grain density did not increase proportionately with thickness and reached a maximum value for 20-lim-thick sections.51 In the present study, the grain density (RGV) was linearly related to the sample thickness for 1-5-,um-thick sections of the same concentration (Figure 3) .
The grain density depends on the decay scheme of "'I and sample thickness. 33, 52 Approximately 77% of the electrons emitted by 125I have energies less than 4 keV and do not pass through tissue thicker than 0.5 gm. The remaining 23% of the electrons have energies between 22 and 34 keV and maximum ranges of 7-20.5 j,m. . This model does not predict a constant relation between grain density and sample thickness when the total amount of radioactivity is held constant, suggesting that higher energy electrons, which represent a greater proportion of electrons released in thicker samples, may increase the likelihood of producing silver grains in the emulsion. 33 Since the probability that electrons reach the emulsion depends on their energies and distances from the emulsion surface, samples with the same average concentration of radioactivity but with different thicknesses and different concentration distributions will yield different measured concentrations. For example, the 1251_ albumin concentration distribution in the calibration standards is uniform, whereas in the thicker endothelial preparation, the`PI-LDL concentration is highest near the endothelium and lowest at the emulsion surface. For the same average concentration in the tissue and standards, the tissue sample will lead to a lower grain density than the calibration standard, because a smaller fraction of the radioactivity is near the surface. As a result, 1-,m-thick uniformly labeled calibration standards underestimate the average concentration in the Hautchen preparation. This underestimation becomes more severe the steeper the concentration gradient and the slower the diffusion coefficient of the solute in the tissue.
The error introduced by nonuniform concentration distributions was estimated as outlined in Appendix B by using the model for diffusion in semi-infinite media with a permeable surface, as described in Appendix A.
The error in the measured concentration depends on the effective diffusion coefficient (Figure 8 ) and is relatively insensitive to the values of k, and Ef, which are physically plausible for LDL. For the diffusion coefficients reported in Table 3 , this underestimate is less than 15%. To compensate for this underestimate, the permeability and concentration were determined by using the slope obtained from the 1-,m-thick calibration standards rather than the slope obtained with the thicker sections (Figure 3) .
In addition to measuring the activity within the Hautchen preparation, calculation of the intimal concentration, endothelial permeability, and the effective diffusion coefficient required estimates of the sample thickness and whole-sample measurements of the fraction of total activity that is retained in the Hautchen preparation. The tissue thickness was estimated by two methods and found to agree. The error due to variations in sample thickness is comparable to measured experimental error. The use of whole-sample measurements of the fractional activity within the Hautchen may overestimate the permeability, since theoretical calculations44 indicate that regions of high permeability constitute a significant fraction of the total uptake within the tissue, even though the high permeability regions are a small percentage of the total endothelial surface. Performing the experiments at shorter times, when most of the labeled protein is in the first 2.3 gm of tissue, would alleviate the need to use whole-sample measurements; e.g., by using the values reported in Table 3 and the model for semi-infinite diffusion with a permeable surface, approximately 83% of the total radioactivity in regions of uniformly low permeability will be located in a 2.3-,um-thick section of the tissue at 1 minute after injection.
The effective diffusion coefficient D for low permeability regions was determined from whole-sample measurements and the thickness of the Hautchen layer. The magnitude of the reported diffusivity agrees well with other published values ( Table 3 .
greatly enhanced at these sites. More accurate values for the permeability at these sites would require analysis of the experimental results using theoretical models. The size, 125I-LDL concentration, and permeability of sites of elevated permeability can be used to evaluate transport mechanisms governing entry and accumulation of macromolecules into the vessel wall at these locations. The average radius of sites of high permeability is 21 gm, which is much larger than the estimated diffusion distance into the arterial wall (5.7 gm) based on the diffusion coefficient from low permeability measurements. The large size of these regions of elevated permeability suggests that either 125I-LDL enters the vessel wall in these regions at multiple sites or that transport parallel to the vessel wall (and parallel to the internal elastic lamina) is much faster than transport into the vessel wall. Possible explanations for the more rapid transport parallel to the vessel wall include the barrier function of the internal elastic laminall44 and convection parallel to the vessel wall. 44 The where Cl is an instrumentation constant.
The number of emerging electrons was calculated using the reported emission values for 125152; that is, 100% of the electrons within 0.5 ,um of the surface were assumed to reach The integrals in Equation B5 and the average intimal concentration Ut(LH,t) were calculated by using the model for diffusion in a semi-infinite media with a permeable surface described in Appendix A. The fractional error between the true concentration Ct(LH,t) and CO was determined as Ct(LH,t)-Co C--and is shown in Figure 8 . Equations B3-B5 apply Co when the grain density is proportional to thickness. For thicker sections, the term p(keV,Ne) must be explicitly included.
